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An investigation hue besh conducted to determiné some of the
effects of eirfoll section and washout on the" experimentel and .
caloulated cheraciteristics of 10-percent-thick wingg. ‘Three. wings. L
of aspect ratio 9 and: ratio of root chord to tip chord B2, 5 were 'bssted..
One wing had NAGA 64-210:sections and 2° waglout, the second had, =
NACA -65-210 segtions and: 20 waghout, and’ the th.ird. hed’ NACA 65-210
sections énd 0° washout. FIt wes found. thet the experimental '
characteristics of the wings could be satisfactorily predicted from
celculations based upcn two-dimensional date when the alrfoil contours
of the wings conformed to the itrus airfeil sections with the seme
high degree of accuracy as the two-dimensionel models. Smell
congtruction srrors wers found to cause large dlscrepancles in the .-
values of meximm 11ft coefficlent.. The most significant offect of ..
chenging the airfoil section from an NACA 65-210 section to an
NACA 64-210 section was to increase the maximum 1ift coeffic.l.ent by
about 10 percent, although the abruptneses of ‘the stall was also
increassed. The eddition of 20 washout to the NAGA 65-210 wing
increased the angle of. attack for zerd 1Lift as expected but was
not sufficient to improve materially the stalling characteristics.

The other cheracteristics of the wings wereo essentlally. unai‘fected.
by the change in airfoll section or by the addition of washout.

. INTRODUCTION'

One means of Increasing the critical speed of an airplans wing
is to decreese the thickness of the alrfoll sections. Decreasing
the airfolil thickness below sbout 12 percent, however, reduces the.
meximm 1ift coefficient of the section (rei‘erence 1). Furthermore,
the use of thimner airfoll sections increases the structural problems
encountered in the alrplens design. As is usuwally the case in
alrplane design, some compromises must be made hetween these conflicting
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desiderations. TForo exunple, an airfoll thicimess of 10 percent -
represents & reasonable compromise between the gerodynamic and
structural considsrations involved in the design of a long-range,
high-speed airplens. o

Although the two-dimensional characteristics of sevoral thin
airfoil sections have been presented in reforence 1, very little
data at relatively high Reynolds numbers have been available on
the three-dimensional chardeteristics of wings incorporating such
sections. An investigation hes therefore been conducted in the
Langloy 19-foot pressure timnel to determine some of the effects of
airfoll section and weshout on the maximum 1if% and stalling
characteristics of 10-mercent-thick wings. Three wings were investi-
gated: The first having NACA 64%-210 sections and 2° washout, the
second having NACA 65-210 ssctions and 2° washout, and the third
having NACA 65-210 sections and 0° washout. The plan form of all

. three wings was typical of that for wings of & long-range, high-
+ speed airplane in that the aspect ratio.was 9 and the ratio of
root chord to tip chord was 2.5. Presented herein are the experi-
montal aerodynemic characteristics of the three wings, together with
thelr characteristics calculated from two-dimensional data according
to the method of reference 2. '

CCEFFICIENTS AND SYMBOLS

The coefficlents and symbols uwsed herein are defined es
follows (consistent units):
Cr, 1if% coefficient (L/qS)

P ! -
cI-ma.x meximum value of in-1; coefficlent

op dreg ccefficient (D/gS)

'G;Do profile-irag coefTicient (Do/aS)
cDom in ninimum value of srofile-drag coefficient
Cn pltching-moment coefficient (M'/qSE)
where

L 11f%
5 aveg

¥
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(L/D)pax meximmm velue of ratio of 1ift to drag

Do
Ml

n o

[e]]

acCy, /dm
cm(xfao)
Cm/acy,

¢

profile drag

pltching moment about 0.25¢

dynamic pressure of free stream lpV‘a)

wing area (24.94 sq £t) '

mean a.erod.ynmnic chord.( c2 ) (herein, & = 1.769 f"b)

ma.ss density of eir -
elrspeed

local wing chord '
wing span (15 £8)..

spanwise coordlinate

corrected angle of attack of root chord, degrees
angle of sttack for zero lif't, d.e{_;r'eeé,

Reynolds number ch /p.)

Mach nuuber (V/a)

coefficient of viscosity

sonlc volocity

slope of lift curﬁ in linear range, per degree

pltching-moment coefficient for zero LIft

slope of pitching-moment curve in linear ra.fxge

gection 1ift coefficient

maximum value of sectlion lift coefficlent
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MODELS AND TESTS

The three wings were constructed of solid steel and ‘were
geometrically similar except for airfoll section and washout. One
wing had NACA 6L4-210 sections and 2° washout, the second had
KACA 65-210 sections and 2° washout, and the third hed NACA 55-210
sections and 0° washout. The ratio of root chord to tin chord was 2.5
and the aspect ratio wes 9.- The sweep and dihedral at the 0.25 chord
line were 0° end 3°, respectively. The wings with washout had
uniform twist about. the 0.25 chord line inssmuch as corresponding
elements of the root and tin sections were commected with straiht
lines. The wings were smooth end’'felr and confoxrmed to the true
contour to within 0.003 inch over the forward 30 percent of the wing
and within 0.008 inch over the resrwerd portions. The general
dimensions of the wings are given in figwre 1.

The tests were conducted with the air in the tumnel compressed
to approximately 3% pounds per square inch ebsoluto pvessu.re The
tosts were made at a dynamic pressure of apyroximately €5 pounds
per square foot, corresponding to a Reynolds number of approximtely
%, 400,000 end & Mach number of ebout 0.17-

The eerodynamlic forces end moments were measured by a simul-
tensously recording, six-component balance system. The profile
dreg wes determined from the force test date end alsc by the wale-
momsntun method from surveys of the alr flow in the wake of the wing
at 19 gpanwvige stations. The stalling characteristics wers determined
froa observations of the behavior of tufte attached to the uwvper
surface of the wings behind the 0.30 chord line.

RESULTS AND DISCUSSION

All data have been reduced to standerd nondimensional coefflclants.
Corrections have been applied to the force and moment data to account
for the tare and interference effects of the model suphort system.
Stream-angle end jet-boundaxry corrections have been applied to the .
angle of attacl: end to the drag coefficlents.

Comparison of Experimental and Calculated Cheracteristics

Force and moment characterigtics.- The experimental and
celculated 1ift, dreg, and pliching-moment cheractoristics are
shown in figures 2 to 4. A summary of the data in these figures
ig glven in table I. The calculated charascterisitics were obtained
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by the use of the method of reference 2, which takes into account
the nonlinearity of the section 1ift curves. All section data used
in the calculations were obtéined from reference 1. In general,

the agreement between the experimentsl and the calculated character-
istics is considered to be very satisfactory. This.good agreement
wag possible, however, only after extreme care was talen to male
the wing contovrs conform to the true airfoll contours with the same
high degree of accuracy ag the two-dimensional models. ‘That this
extreme care was necessery was indicated by preliminary tests of the
NACA 65-210 wings in which large discrepancies in maximum 1ift
coefficient were Ffound to be due to small errors in constructlion,
particulerly earound the leading edge of the wings.

The main discrepancies between the experimental and calculated
characteristics occur at the upper end of the low-drag range where
the calculated curves show a more extensive low-drag range than the
experimentel curves. This effect is probably dus to the spanwise
spreed of transition which was not tallen into esccount in the calculations.
The reasoneblenses of this explenation is indicated by the fact that
the low-drag range obtained fxom the wale surveys agrees, in general,
with that -obtained from the force tests. (The profile-drag coefficients
obtained from force tests were determined by subtracting the calculated
induced~drag coefficlents from the total-dras cosfficients) The
difference in the extent of the low-drag range is also reflected
in the values of (L/D)mex since these values, in every case, were
obtained at the upner end of the low-drag renge. This result
emphasizes the need of preserving laminer flow as far as possible
in order to obtain high values of (L/D)max

Stelling cheracteristics.- The stalling charec teristics of
the thres wings ere shown in figure 5. The values of 1lift coefficient
shown were obtained with tufts in place on the wing. In order to
predict the stalling cheracteristics of the wings, the characteristics
calculated according to the method of reference 2 and presented in
figure 6 may be used. This figure shows the sjyanwise variation of
the maximm lift coefficlent which each section is capeble of .
reaching in two-dimensional flow and the variation of. section Lift
cosfficient for the wing whon some section first reaches its meximum
value. According to reference 3 the meximum lift coefficlent of
the wing is reached when the cwrves first become tengent; the point
of tengency of the two curves indlcates the spanwise position of
the initial stall, and the rate of dlvergence between the curves
gerves asg an indication of the menner in which the stall spreeads.
From & comparison of flgsures 5 and 6 it can be seen that these
wings sta_,ll epproximetely as 'oredio-bed.
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Effect of Airfoll Seotlion .

. A comparison of figures 2 and 3 shows that the minimum
profile-drag coefficient of the NACA 64-210 wing is slightly
higher (about 0.0004) than that of the NACA $55-210 wing and the
meximum . litt-dreg ratio 1s correspondingly lower than that of the
NACA 565-210 wing. The most significent effect of the difference in
alrfoil ssction 1s, howsver, the epproximately 1O-percent increzso
in meximm 1ift coefficlent for the NACA 64-210 wing over thet for
the NACA 675-210 wing. -

From figure 5 1t may be seen that the stall of the NACA 64-210
wing begen slightly farther inboard then that of the NACA 65-210 wing
put was more abrupt and was accompanied by a greater losa In Lift.
Figwe 5 indicates that the stall of the NACA 64-210 wing should
.. ’have begun slightly farthor outboard than that .of the NACA 55-210
wing but the differences in spenwise position in elther case ere
mmall. Both figures indicate thet beyond maximume 1ift there
is slightly less stalled area at the wing tips of the FACA 64-21C

) wing. :

Effect of Washout

Except for the expected change in the angle of attack for zero
1ift, there are no practical. differences in the characteristics
of the two NACA 65-210 wings with and without 2° washout (figs. 3
and 4). High-speed tests made at the Ames Asronautical Laboratory .
of similar wings also showed negligible effect of 2° washout, A .
larger amount of washout would, however, probably make some differ-
ence, but the amount of washout that couldl e tolerated without
introducing harmful effects at hipgh Mach numbers is not known,

The 2° washout was not enough to improve materielly the
stelling characteristics of the NACA 65-210 wings, elthough the .
spanwlse position of the inclpient ntall was moved somewhat inboard,
because of the washout. A:lerger amount of washout should effect
a significant Improvement by moving the stall farthor inboard.

CONCLUSIONS

From the re-sulfls of an 1nves’biga,tion of the experimental and
celculated characteristica of three l0-perceant-thiclk tapered wings, -
the following conclusions may bte drawn: *
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1. The experimental characteristics of the wings could be

‘satisfa.ctorily predicted from calculations based upon two-dimensional

date when the ailrfoll contours of the wings conformed to the true
airfoll .contours with the seme high degres of accuracy as the
two-dimenslonal models from which the data were obtained. Small
errors in construction were found to oause large discrepencies in
the values of meximum 1ift coefficiont

2. The most significa.nt effect of changing the airfoil
section from an NACA 65-210 section to an NACA 64-210 section
wvas to increase the maximm lift coefficient by about 10 percen’o
al'bhough the abruptness of the stall was also increased.

3. The addition of 2° washout to the NACA 65-210 wing
increased the engle of attack for zero lift as expected but was
not sufficient to improve materially the stalling characteristics.

L. The other characteristics of the wings were virtually
uwnaffected by the ,change in airfoil section or by the small amount
of washout.

Langley Memorial Aeronautical ILaboratory
Natlonel Advisory Committee for Aeronasutics
Langley Field, Va., August 25, 1947
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TABLE I

SUMMARY OF RESULTS CBTAINED FROM TESTS IN THE LANGLEY 19-FOOT

PRESSURE TUNNEY, OF THREE 10-PERCENT THICK WINGS

[r= 5.4 x 208 u% 0.17]

pnx a0y fas *(1=0) -~ (B/D) py
Wing ; .
Experimental | Calculated | Experimental | Calowiated | Expsrimental | Calculated | Experimentel | Caloniatea
20' mmu:’"mt 1.35. 1.36 0.086 0.083 -1.1 38.8 38.8
6 ;
20 aopne] ym 1.2% .085 085 1.0 9.4 ¥1.0
gg'f.”;m‘ 1.23 1.22 085 .085 «1.3 -1.5 38.0 n.6. -
“ontn On(1.00) a0 a0,
Wing Force Wake .
. tente surveys | Caloulsted Experimental | Caloulated | Experimental | Csloulatea
g.'f‘el"l"‘"’al 0.0043 | 0.004k 0.0045 -0.037 -0.040 0 -0.010
é‘gm .00%0 .0039 .00k1 -.035 -.035 o -.010
ggm .00k .0039 .00k -.037 -.035 0.00k . -.006
NATTONAL ADVISORY
COMMITTEE FOR AERONAUTTCS
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Figure 1.~ General dimensions of 10-percent-thick wings tested in Langley 19-foot pressure tunnel.

NATIONAL ADVISORY
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Aspect ratio, 9; ratio of root chord to tip chord, 2.6. (All dimensions are in inches.)
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Figure 2.- Experimental and calculated characteristics of wing having NACA 64-210 airfoil sections.

Washout, 2°; aspect ratio, 9; ratio of root chord to tip chord, 2.5;
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Figure 3.~ Experimental and calculated characteristics of wing having NACA 65-210 airfoil sections.
Washout, 2°; aspect ratio, 9; ratio of root chord to tip chord, 2.5; R % 4.4 x 106; M =« 0.17,
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Figure 4.- Experimental and calculated characteristics of wing having NACA 65-210 airfoil sections.
Washout, 0°; aspect ratio, 9; ratio of root chord to tip chord, 2.5; R @ 4.4 x 106; M = 0.17.
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Figure 5.- Stalling characteristics of wings of aspect ratio 9 and ratio of root chord to tip chord 2.5.

R = 4.4 x 105 m ~o0.17
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(a) NACA 64-210 sections, 2° washout.

Tigure 6.- Spanwise variation of maximum section lift coefficient and section lift coefficient at maximum '

wing lift coefficient for wings of aspect ratio 9 and ratio of root chord to tip chord 2.5. R x4.4 x 106.
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(b) NACA 65-210 sections, 2° washout.

Figure 6.- Continued.
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(¢) NACA 65-210 sections, 0° washout.

Fiéure 6.- Concluded.
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